Combined multimodal nonlinear optical (NLO) microscopies were used to detect and quantify morphological changes associated with stroma and epithelial transformation in colon cancer. Our findings provide complementary information about tissue microstructure, displaying distinctive patterns between normal and malignant human colon. Additionally, we have demonstrated the usefulness of using fixed tissues for the disease diagnostic and prognostic. The present work provides a framework for using NLO techniques as a clinical diagnostic tool for human colon cancer. NLO metrics could be applied to other disorders, which are characterized by abnormal cell proliferation and collagen assembly.
Material and Methods

Colon Biopsies
The research protocol was approved by the ethics committee and all procedures were in accordance with the Declaration of Helsinki and the ethical principles of the medical community. Colon biopsies were obtained from paraffin tissue blocks of the Silvia Viale's Laboratory of Pathology and Cytology (Paraná, ER, Argentina). These blocks were previously prepared following standard histological procedure. Afterwards, specimens were sectioned in 4-μm and 30-μm thick slices and mounted on slides. Tissue sections H&E-stained were examined for TPEF, SHG and THG experiments using standard techniques [16] [17] . Furthermore, each H&E-stained tis-sue section was evaluated by the same certified pathologist to avoid bias in the biopsy analysis as well as to promote a homogeneous histological classification of the tumors. Colonic adenocarcinomas from 7 biopsies (n = 7) and their corresponding normal colon region (n = 7, matched controls) were analyzed.
Multimodal NLO Setup
The experimental multimodal setup employed was built at the National Institute of Science and Technology on Photonics Applied to Cell Biology (INFABIC) at the State University of Campinas consists of a Zeiss LSM 780-NLO confocal scanner on an Axio Observer Z.1 microscope (Carl Zeiss AG, Germany). The system is mainly composed of three parts: the laser source and the optical system on the bench, the scanner and microscope, and transmitted and reflected detectors. A schematic view of the system is depicted in Figure 1 .
TPEF, SHG, THG, signals were registered exciting the tissues with a Ti:Sapphire Mai Tai HP Spectra-Physics (Irvine, USA) laser, which provides 100 femtoseconds (fs) pulses from 690 to 1040 nm, with a repetition rate of 80 MHz and power from 1 to 3.5 W. It was equipped with a Deep See for group velocity dispersion compensation. The fs beam was coupled to the scan head through an acousto-optic modulator (AOM) for a fast intensity control and with a collimating telescope (T) to adjust both the beam diameter and to fill the objective backaperture of the objective and the beam focus position on the microscope focal plane. All images were acquired with an EC Plan-Neofluar 40×/1.30 oil immersion objective (Carl Zeiss, Germany). TPEF, SHG and THG signals were collected in the transmission mode but TPEF were also collected in the backscattering mode. THG was collected separately from TPEF and SHG signals to avoid THG UV light blocking by the optical elements of the microscope. To carry out this procedure, a special detector support was developed to hold it, as close to the sample as possible, without touching it, but with enough space for the optical filters. The TPEF images collected both in the transmission and backscattering mode, were compared to be sure that the sample did not move after THG acquisition procedure. Sensitive Non Descanned Detector (NDD) and an external R3896 photomultiplier tubes (PMTs) (Hamamatsu Photonics, Hamamatsu City, Japan) were used to detect TPEF/SHG and THG respectively. For comparison, wide field standard H&E images were acquired with a charge-coupled device (CCD) color camera (DFK 31AF03, The Imaging Source, Germany), placed in the front port of the microscope (Figure 1). 
Image Acquisition
Signal images were acquired with 940 nm for TPEF, SHG, and THG excitations. According to our previous experiences in breast and ovary tumor tissues [18] [19] , 940 nm laser beam can excite the three signals TPEF, SHG, and THG at the same time; generating a TPEF at >500 nm, SHG at 470 nm, and THG at 313 nm (average power in tissue sample less than 15 mW). Transmitted signals were detected after blocking the SP690 filter to prevent laser light and using the following filter cube configurations in NDD detectors: 1) dichroic mirror 490 LP and 485 SP filter for SHG; 2) 520 -560 BP filter for TPEF; 3) U340 ± 30 nm colored glass filter (Hoya Corporation) for THG, which was located in front of the external PMT detector. TPEF reflected signals were also collected after blocking the SP 690 filter to prevent laser light and using the following filter cube configuration in NDD detectors: 520 -560 BP filter.
All images were acquired with 512 × 512 pixel spatial resolution, using a pixel dwell time of 6.30 μs with total scanning time of the order of 60 s, after a 16 frame averaging. Remaining parameters, such as detector gain and offset, were maintained constant between different samples to enable comparative analysis. Images (pseudo-green TPEF, pseudo-red SHG, and pseudomagenta THG) were combined into a single image for visualization using ZEN 2009 Light Edition software (Carl Zeiss MicroImaging GmbH, Germany) ( Figure 1 ).
Quantification of Nonlinear Images
Data from SHG and THG images were quantified using ImageJ 1.45 software (NIH). Based on THG images, quantification of morphometric (area and circularity) and densitometric (kurtosis) features of nuclei were performed. At least 50 cell nuclei were measured in different intestinal crypt of each image analyzed and data were stored automatically into different data files. To carry out this last study the ImageJ "Particle Analysis-Nucleus Counter" plug-in was used. The plug-in performs an automatic threshold and displays the outcome in a table where each nucleus can be identified. Result table will present all features previously selected in "Analyze-Set Measurements" menu. Prior to analysis, a standardized gray-tone scale was used with a range between "0" (black) and "256" (white).
From SHG images, intensity levels and collagen fiber angles were measured. In the first case, a method similar to that previously reported was employed [20] . Briefly, a square region of interest (ROI) 150 × 150 pixels was drawn and positioned in the image. The square coordinates were saved as a ROI file in ImageJ. This positioning was repeated so that 9 non-overlapping ROIs were generated and saved. This ROIs array was used together to assess the entire SHG image on a ROI basis in a consistent manner for each sample in the array. Using the multi-measure plugin, the 9 ROI files were opened and visualized as an overlapped image, and separated standard measurements from each of the threshold ROIs were obtained. From this data the area fraction (the percentage of the ROI area that is above the SHG threshold and is essentially a measure of SHG prevalence) was quantified. The collagen fibers angles were measured using the tangent of the epithelium-stroma interface, as was previously reported [20] [21] . Using the ImageJ angle tool, the angle was defined by three points as following: the first one is a point along the fibril, the second is the fibril extreme closest to the tumor epithelium (edge); and the third one any point that connected to the first draws a line parallel to the epithelium. In total, 150 angles were measured for each tumor type.
Statistical Analysis
We performed t-testing for two-group comparisons. The level of significance employed was: significant ( * ) p < 0.05 and very significant ( ** ) p < 0.01. Data were analyzed with SPSS 10.0 software.
Results
Comparison of Nonlinear and H&E-Stained Images of Human Colon
NLO images clearly demonstrate the circular arrangement pattern of control colonic crypts registered from crypt-cross sections, characterized by epithelial columnar cells and interspersed goblet cells (Figure 2) . Green TPEF signal corresponds to eosin fluorescence, which is usually weak in nuclear regions but strong at the cell cytoplasm and stroma collagen fibers. TPEF revealed the typical foveolar pattern of colon mucosa glands, displaying crypts with rounded-luminal openings (Figure 2(B) ). SHG (red) traced specifically the collagen scaffold within lamina propria (Figure 2(C) ) and THG (magenta) highlighted the nuclei of mucosa epithelial cells (Figure 2(D) ). According to our knowledge, these are the first study showing the integration of TPEF, SHG and THG in human colon biopsies. Highly valuable, structural information revealed by each nonlinear contrast mechanism can be isolated and analyzed separately, while their superposition allows a better comparison and understanding of the spatial organization of the tissue (Figure 2(E) ).
Colonic Tissue Evaluation in H&E-Stained Sections by SHG and THG Microscopy
Evaluation of colonic tissue by SHG (Figure 3) and THG (Figure 4 ) microscopies rapidly and clearly allows differentiating between adenocarcinoma and normal tissue states. Whereas individual crypts were easily identified with TPEF, the connective tissue between them was detected via SHG of collagen (Figure 3(A) and Figure  3(B) ). In tumor tissue, SHG images highlights changes in the surrounding fibrous stroma. The quantification of collagen prevalence over the tumor tissues SHG images results in a significant difference compared to the normal colon (Figure 3(C) ), demonstrating an increased collagen density in tumor stroma. While normal colon exhibits collagen fiber bundles approximately parallel to the epithelium-stroma interface, adenocarcinomas have thicker and nonparallel collagen fibers located at certain angles respect to such interface (Figure 3(B) ). Quantitative analysis showed that the angles of collagen fibers in normal colon are lower than 11˚ whereas adenocarcinomas have angles higher than 50˚ (Figure 3(D) ).
Even though the analysis must be performed in classical H&E images by a well-trained pathologist, THG images allow detecting selectively just the nuclei, making easier the digitalization process. Enlarged and irregular shaped tumor cells exhibit increased nucleus-to-cytoplasm ratio (Figure 4(A) ), area and circularity are significantly higher, and gray value distribution is broader (lower kurtosis value) in tumor cells nuclei due to a considerable heterogeneity, showing distinct areas with considerable brightness and darkness (Figure 4(B) ). Additionally, a very important point to highlight in comparison to classical histological techniques is the potential benefit of 3D capabilities of the proposed NLO techniques. Figure 5 shows three-dimensional representations (single or combined) that allows the visualization of indistinguishable characteristics in classical two-dimensional procedures. Maximum projection 3D representation using THG images (Figure 5(A) and Figure 5(B) ) clearly demonstrated the adenocarcinoma architectural change, in which the circular arrangements of each colonic crypt and the spacing between cells have been lost. Also, an attenuation of goblet cell/crypt density and mucin depletion were easily distinguished (Figure 5(A) ). Moreover, using a three-dimensional SHG representation it was possible to observe the inclination and invasiveness of collagen fibers of adenocarcinomas compared to normal colon (Figure 5(C) ). It is worth pointing out that these features (presence and angle of collagen fibers) are not easily visible in H&E-stained sections. 
Discussion
The present report demonstrates that the combination of different NLO techniques may be used, not only to differentiate cancerous from normal colon, but also to obtain detailed information on tissue architecture and features of its components.
It's known that hematoxylin stain can selectively enhance nuclear THG yield at cell nuclei. The absorption spectrum of hematoxylin exhibits a broad range of absorption at the visible light band, achieving the two-and three-photon resonance enhancement criteria [16] [22] . The THG observed in H-and H&E-stained tissue are stronger than in dried precipitates, most probably due to differences in refractive index and nonlinear susceptibility of the tissue environment, and interaction of the dyes with chromatin [16] . The verified enhancement of THG signals, originated almost exclusively from the nuclear regions, is coincident with these observations. H&E stain was used to register TPEF, SHG and THG, because our and other previous reports have demonstrated that H&E stain is not only useful to generate TPFE signal [23] but also enhance the THG signal without any alteration of the SHG signal [16] [18] [22] . Although there are some evidences suggesting that tissue postprocessing procedures may affect how intrinsic fluorescent signals respond under multiphoton excitation, previous work have proved that structural proteins such as collagen and elastin are little affected by post-processing procedures [16] [24] [25] .
Interestingly, the outcome obtained from TPEF and SHG signals (Figure 2 (B) and Figure 2 (C)) are in line with the analyses on fresh tissues obtained by other researchers [7] [12] [26] [27] , showing the potential of these tools over archive slides. Furthermore, a recent work has used SHG signal from H&E-stained slices to discriminate between high grade dysplasia and cancer from normal human colonic mucosa [28] . This work clearly shows significant changes of collagen fiber morphology, orientation and density in colon tumor tissue. The present report suggests that collagen fiber inclination angles are an important factor in tumor progression. In agreement with our results, previous reports in human colon and other tissues suggest that the epithelial cells preferentially invade tissues where the collagen fibers became perpendicularly aligned, instead of randomly arranged ones [12] [18] [20] [28] .
The fact that NLO microscopy can see image selective specimen properties in 2D and 3D mode, makes it easier to digitally process the images opens the possibility to automatically discriminate between the different types of disease. Integration of many techniques would improve the differential diagnosis power. Also, these properties of NLO images can be very useful to detect abnormal mucosa and stroma configurations in early stages of the disease. Recently, working with mouse CCR model, we observed that SHG signals from collagen fibrils during tumor progression shows differences that might serve as an early biomarker of colon cancer risk (manuscript in preparation).
Conclusion
In conclusion, the use of several NLO microscopy approaches, especially when combined, can reveal information not distinguishable in H&E stained sections under classical bright field approaches. Cell nucleus size and shape, tightness and disposition changes of collagen fibers are parameters that can be consistently quantified, allowing them to predict a huge clinical potential. These imaging modalities may also find future application in the clinical setting considering the emerging potential of non-linear microscopy to become an in vivo or ex vivo diagnostic tool.
